Recently, photonic crystal ͑PhC͒ has attracted a great deal of attention for the possibility to improve the extraction efficiency of light-emitting diodes ͑LEDs͒. [1] [2] [3] [4] [5] [6] To optimize the device performance for a specific system, detailed knowledge of the light extraction, especially the angular distribution, is required. Angular variations of light extraction in the zenith ͑vertical͒ direction have been investigated. 7 However, the angular distribution in the azimuthal ͑in-plane͒ direction has not been examined in detail.
In this paper, we present the direct imaging of the inplane angular distribution of the extracted light using a specially designed structure. A map of the anisotropy for various lattice constants and numerical apertures is constructed. Several features particular to the PhC properties have also been directly observed. These results can be used for the device optimization to take full advantage of the PhC.
The GaN epitaxial structure used for the present study was grown by metal-organic chemical vapor deposition, consisting of a 1-m-thick GaN buffer on a c-sapphire substrate, a 2 m bottom n-GaN layer, a 100 nm InGaN / GaN multiple quantum well ͑MQW͒ region, and a 130-nm-thick top p-GaN current spreading layer, as shown in Fig. 1͑a͒ . The annular region of triangular PhC with an inner/outer diameter of 100/ 200 m was patterned by electron-beam lithography. Holes were then etched into the top p-GaN layer using inductively coupled plasma dry etching to a depth t = 120 nm. The orientation of the triangular PhC is fixed in space and the ratio of hole diameter d to lattice constant a is also fixed to 0.6 to provide the consistent band structure.
After fabrication, the wafer is examined with a microphotoluminescence ͑-PL͒ system. A 325 nm He-Cd laser beam normally incidents into the central area of the ring and excites the wavelength = 470 nm PL light in the MQW active region. The laser power used is about 3.2 mW and focused to a spot of about 5 m. A 15ϫ objective with numerical aperture ͑NA͒ of 0.32 is used to collect the on-axis emission signal from the sample and formed a highresolution image with a digital charge-coupled device ͑CCD͒ camera after filtering out the laser light. Figure 2 shows the CCD images for samples with lattice constants a of 300, 450, 600, and 750 nm corresponding to a / of 0.63, 0.96, 1.33, and 1.59, respectively. The bright region that appeared in the center of all images is due to the unguided PL light. The petals in the PhC regions are due to the guided light that travel to the surrounding PhC region and get extracted. It can be seen that the angular distribution of the extracted light is strongly anisotropic. As a / increases, the increasing number of petals in multiples of six appears in a sixfold rotational symmetric pattern, indicating for certain directions, that stronger extraction with a focusing behavior is observed.
The observed anisotropy in Fig. 2 may be caused by either the coupling into the PhC region, which has been reported before, 8 or by the diffraction of the light after coupling into the PhC. According to our finite-difference time domain ͑FDTD͒ simulation, a coupling anisotropy of only Ͻ5% are expected from the present shallow etch structure and high a / Ͼ0.6. Therefore, the observed anisotropy is primarily due to the diffraction of the guided PL light of the PhC lattice into air and picked up by the microscope objective.
The anisotropy due to diffraction can be explained by considering the Ewald construction in the reciprocal lattice. For simplicity, PhC is treated as a two-dimensional in an overall three-dimensional structure as is commonly done. with the objective lens, the diffracted light must fall within the NA circle. Using Ewald construction, this rule becomes simply to determine whether a reciprocal lattice point appears inside the particular circles. This simple rule provides an explanation of the observed pattern of light extraction. It can also be used to define the conditions for observing of varying numbers of petals as a function of NA. Figure 4 shows the boundary separating the regions with different numbers of petals along with our observations with NA= 0.32 and a / = 0.63. As lattice constant increases above cutoff ͑line G ⌫-M + in Fig. 4͒ , light propagation in the ⌫-M direction will start to be extracted ͓Fig. 3͑a͔͒. As a / increases, the resultant wavevector after coupling to G ⌫-M falls inside the NA circle ͓Fig. 3͑b͔͒. However, the opposite is true in the ⌫-K direction ͓Fig. 3͑c͔͒. Therefore, a pattern with six petals pointing to the ⌫-M direction is observed. As a / increases further, the resultant wavevector after coupling to G ⌫-M may fall short of the NA circle and will not be observed. Figure 3͑a͒ For still larger lattice constant of a / Ͼ2/n, coupling to the second nearest vector G ⌫-K becomes possible and six more petals appear representing six equivalent ⌫-K directions. The boundary for all the coupling to G ⌫-K can be drawn in the same way as above and is indicated by G ⌫-K + and G ⌫-K − ͑fall outside Fig. 4 , not shown͒. In the overlap of the two regions, 12 petals will be obtained, pointing alternately to the ⌫-M and ⌫-K directions. For even larger lattice constants, coupling to the third and fourth nearest lattice points, with the vector length two times the G ⌫-M ͑line 2G ⌫-M + ͒ and fraction appears, corresponding to the light escaping the surface with angles larger than NA. The formulas for the boundary between regions with different numbers of petals can be readily derived and are shown in Fig. 4 .
It is also observed that the interference fringes are superimposed on the patterns, as shown in Fig. 2͑a͒ . The spacing of the fringes stays the same for all propagation directions and lattice constants. The origin of the fringes is most likely due to the multimode interferences ͑MMIs͒ of the modes traveling in the waveguide formed by the epitaxial film on top of the sapphire. For a quantitative comparison, the spacing due to MMI are calculated with the formula s =4n e W 2 / ͑N 0 ͒. 9 Using an epithickness W of 3.23 m, a total mode number N of 25 modes supported by the waveguide before the leakage into the sapphire substrate, and the effective index n e of 2.5, the spacing is determined to be about 9 m, or 9.8 m with the Goose-Hahnchen correction. This value is reasonably close to the measured fringe spacing of 10.4 m, considering the inaccuracy of the parameters in the formula.
In addition to the observed number of petals, the shape of the individual petals is worth commenting on: The petals inside the annular regions are convergent in shape, instead of the expected divergent shape. Such a shape may be due to the dispersion of the band structure. For the 12-petals pattern shown in Fig. 2͑b͒ , it is seen that the focusing is stronger in the ⌫-M directions than the ⌫-K directions which may reflect the different dispersion properties of the two directions. In addition to the anisotropy, the emitted light are polarized with a TE/TM ratio larger than 10. The intensity of the extracted light decreases with a decay length of 70-90 m, depending on the orientation and the holes size; this value is in the same range of that reported in Ref. 7 . The discussion of these details will be reported elsewhere.
In conclusion, optical images of the anisotropy in the azimuthal direction of GaN PhC LEDs are obtained using annular structure with triangular lattice. The presented imaging approach can be used to study the propagation of light in the PhC slabs and provides information important for designing LED and other photonic devices.
